I N T RO D U C T I O N
During the last few decades archaeomagnetic studies have attempted to establish the variation of the Earth's magnetic field prior 16th century, when the earliest direct measurements started. Although Italy has a rich archaeological heritage, Italian archaeomagnetic data are still sparse in comparison to those of other countries where the quantity and quality of archaeomagnetic data allow the construction of reliable secular variation (SV) curves; e.g. France (Thellier 1981; Bucur 1994; Gallet et al. 2002) , Bulgaria (Kovacheva 1997) , United Kingdom (Clark et al. 1988; Tarling & Dobson 1995; Batt 1997) , Hungary (Márton 1996 (Márton , 2003 Márton & Ferencz 2006) and Germany (Schnepp et al. 2004; . Clearly the acquisition of new data from Italian sites is needed to enrich the Italian database and to establish a SV curve for Italy before 1640 AD, when Athanasius Kircher made the first direct measurement of both declination and inclination of the Earth's field in Rome (Cafarella et al. 1992) .
This paper presents 28 new directional results from archaeological sites in Italy (Fig. 1 ) that have been investigated in recent years by the Torino and Genève laboratories. They have been added to a compilation of the existing Italian archaeomagnetic data and a preliminary SV curve derived by Bayesian statistical modelling is proposed.
N E W A RC H A E O M A G N E T I C R E S U LT S Torino laboratory
During the last 2 yr, samples have been collected from three sites in southern Italy (Vagnari, Ascoli Satriano, 25 and 15, respectively, Table 1 ) and two in central Italy (Foro Traiano situated in the centre of Rome-Nos. 3 and 14, Table 1 ). In all cases the material sampled consists of bricks and tile fragments collected in situ from the main structure of the kilns (Fig. 2) . Hand samples were oriented in the field using an inclinometer and both magnetic and sun compass whenever possible. In the laboratory the samples were cut into cylindrical specimens of standard size (diameter = 25.4 mm, height = 22 mm). For all structures a well-constrained age was available based on archaeological evidence.
All magnetic measurements were carried out at the palaeomagnetic laboratory of Torino. The natural remanent magnetization (NRM) was measured for all specimens using a JR-5 spinner magnetometer and the characteristic remanent magnetization (ChRM) was isolated using both thermal and alternating field (AF) stepwise demagnetization. The demagnetization diagrams (Fig. 3) for all the structures studied show the presence of only one very stable component of magnetization with no or very minor secondary components of probably viscous origin that are easily removed at low temperature (<200
• C) or in weak applied field (<20 mT). The ChRM is well defined and can be taken as representative of the primary remanence acquired during the last firing of the structure. As a standard routine, three specimens were stepwise demagnetized from each independently oriented sample and their ChRM directions were obtained by principal component analysis using the PaleoMac program (Cogné 2003) . They were used for the calculation of the sample's and subsequently the site's mean direction using Fisher statistics (Fisher 1953) .
Magnetic mineralogy was investigated by isothermal remanent magnetization (IRM) measurements (Fig. 4a) and thermal demagnetization of IRM components (Lowrie 1990) (Fig. 4b) . In most cases saturation is reached in low fields (200-300 mT) and almost Symbols: open dot = new site studied in the present paper; full dot = site from literature: black dot = site where more than one independent structure have been studied, grey dot = one structure studied; grey star = Viterbo reference site.
all magnetization is erased at temperatures between 520-580
• C, indicating a soft, low-coercivity mineral as the dominant remanence carrier; accordingly a magnetite near mineral with impurities or maghemitization.
Genève laboratory
As part of an on-going research project in archaeomagnetism 23 burnt structures have been sampled in Italy over a period of 12 yr. They consist mainly of hearths and kilns.
At the first site (San Vincenzo, Galliano-No. 12, Table 1 ) large samples were taken (6 × 6 × 4 cm) moulded in plaster of Paris, but subsequent structures were sampled using the glued plastic disc method established by Clark et al. (1988) . The remanence of the resulting small (18 mm diameter) cylinders of baked clay was measured using a Digico/Minispin fluxgate magnetometer. In the case of three of the large kilns 20,  Table 1 ) pieces of tiles were taken, which were later cored to give standard 25 mm diameter cylinders. In calculating the mean direction for the entire kiln the hierarchy of specimens from samples was maintained. All samples were oriented in the field using a magnetic compass and an electronic inclinometer, and wherever possible the orientation was also checked with a sun compass. Most specimens were subjected to a viscosity test (Thellier & Thellier 1959) and some of the structures were treated using AF or partial thermal demagnetisation. The Thellier type viscosity test consisted of inverting the specimen with respect to its original orientation in the field and leaving it for one month in the laboratory field. Specimens that changed their remanence more than 10 per cent were rejected.
A description of the archaeological structures studied is given in the appendix. Evans & Hoye (2005) have recently published a summary of the archaeomagnetic investigations they carried out in Italy over the last 20 yr. This included 29 sites from southern Italy and is the only systematic account in the literature. Around 10 other papers dealing with single sites have been published by various authors in a variety of national and international journals. Other data are still confined to excavation reports.
I TA L I A N A RC H A E O M A G N E T I C D ATA B A S E
The present paper presents a total of 74 directional results from archaeological material (Table 1) derived from a systematic compilation and supplemented by the new results presented in the previous section. The table includes:
(1) Site name and geographical coordinates. The coordinates, when missing in the original publication, refer to the town or village nearest to the archaeological site. The location error is no more than few kilometres and is negligible in relocating the data to the reference site. The geographical distribution of the sites (Fig. 1) shows that they are concentrated in southern Italy, whilst central and northern Italy are only poorly represented. In fact, no data from northern and central Italy have been published previously.
(2) The age of the sampled structure, mainly based on archaeological evidence. Only four thermoluminescence and three 14 C ages are available; all of them from the new sites. From the age uncertainty of each structure, a mean age was calculated that is used as the time coordinate to draw the declination and inclination plots. Data from a few sites with uncertain or no age have also been included; these do not contribute to the SV curve, but could be useful for future studies.
(3) Type of material studied. In most cases this was kilns, furnaces, and in situ fragments of tiles and bricks from fired structures. In some cases mural paintings or small hearths have also been studied. The results from sets of bricks, which only give the inclination value, have also been included in Table 1 . A structure/context number is included when available.
(4) Number of independently oriented samples, N . The number of specimens measured from each structure (n) is given within brackets. However, in the majority of the original papers information regarding the distinction between specimens/ samples is not clear or even lacking.
(5) The technique used to derive the archaeomagnetic direction, usually AF or thermal stepwise demagnetization. In some cases only NRM measurements and Thellier viscosity tests (Thellier & Thellier 1959 ) have been performed.
(6) The site mean archaeomagnetic direction (D, I), together with the values of the α 95 and k parameters of Fisher's statistics, and the direction relocated to the Italian reference station at Viterbo (D r , I r ). Relocation was performed using the virtual geomagnetic pole (VGP) method (Noel & Batt 1990) in which the site D, I values are used to calculate the VGP position (inclined geocentric dipole) and the VGP is then used to calculate the relocated values to a common reference point, in this case D r , I r . Lanza & Zanella (2003) proposed a point near Viterbo (lat. 42 • 27 N, long. 12
• 02 E) as the most suitable reference site for Italy, as it gives the smallest relocation error both in D and I (less that 1
• ), wherever the original site is situated in Italy.
(7) The original reference.
In additional to the archaeological remains, the Italian active volcanoes can contribute to the SV curve, particularly when the eruptions are described in written sources; the most famous being the two (Table 2) .
D I S C U S S I O N O N T H E A RC H A E O M A G N E T I C D ATA
The Italian archaeomagnetic data relocated to Viterbo (D r , I r ) are presented in Table 1 and plotted in Fig. 5 . Results from volcanic rocks emplaced by eruptions of certain age (Table 2) have been used as time markers as previously discussed. The plots also show the SV curve for the last four centuries drawn from direct measurements (Lanza et al. 2005) , derived from the historical Italian catalogue (Cafarella et al. 1992 ) and the Jackson et al. (2000) global database. The irregular time distribution of Italian archaeomagnetic data is clearly visible (Fig. 5) . The majority of data are concentrated in the period from 600 BC to 600 AD with a two centuries gap from 100 to 300 AD. Outside of this period, data are scarce and for some centuries (e.g the 9th century BC and 14th century AD) are absent. For the periods for which more data are available, they are generally consistent with each other, even if some discrepancies do occur. It is interesting that in some cases the mean direction seems to be in very good agreement with the other data from the same time period even when characterized by high measurement errors (e.g. structure 53, Table 1 , with angle α 95 = 11.7
• ). The directions from the volcanic rocks with no age uncertainty represent reference points and are in excellent agreement with the coeval archaeomagnetic data. Data for the last centuries (14th-15th century AD) seem to follow the general trend of the SV of the geomagnetic field as indicated by historical measurements of the last 400 yr, although declination values from data of 15th century are slightly lower than expected.
The Italian data have been relocated to Paris using the VGP method and plotted (Fig. 6 ) against the French SV curve (data set from Gallet et al. 2002 , treated with Lanos algorithm, Lanos 2004 . The French SV curve is shown with its 95 per cent error envelope while for the Italian data the time and measurement errors are not shown for legibility reasons. The data fit well to the French curve and most of them are inside its error bars. However, some points fall far from the curve. Such discrepancies may be due to various reasons such as uncertainty in the age of the structures, measurement errors, anisotropy effects etc. It is interesting to observe (Fig. 6 ) that the declination values of the new sites of Vagnari, Ascoli, Canosa and Rome fit very well to the French curve, whilst their inclination values are lower than expected for their archaeological age. Systematic measurements of the anisotropy of magnetic susceptibility (AMS) have been done for all specimens; anisotropy of isothermal (AIRM) and anhysteretic (AARM) remanent magnetization have been studied for selected specimens. Equal area projections of the three principal anisotropy axes show a well-developed magnetic foliation ( Fig. 7a) with the maximum and intermediate susceptibility axes lying in the tile/brick plane and the minimum axis perpendicular to this plane (Fig. 7b) . As in most cases the tiles and bricks sampled were in a horizontal position in the kilns, these anisotropy results suggest a possible systematic shallowing of the inclination values. The inclination values of these five structures (Table 1) data that show incompatible inclination values even when there is no evidence for important anisotropy effects (e.g. structures Nos. 21, 22 Table 1 ). As discussed by Evans & Hoye (2005) , these data come from the same structure independently studied by two different groups, both obtaining very similar results that are nonetheless far from the curve. A possible explanation for such a deviation could be a younger age than suggested by archaeological evidence currently available (Evans & Hoye 2005) .
B AY E S I A N F R A M E W O R K F O R T H E C O N S T RU C T I O N O F C A L I B R AT I O N C U RV E S : A P R E L I M I N A RY I TA L I A N S E C U L A R VA R I AT I O N C U RV E
In order to build a SV curve for a given region, a long sequence of numerous and well-dated data should be available. However, in archaeomagnetism, it is often the case that the data are unevenly distributed in time and space and characterized by varying precisions depending on measurement errors as well as on errors related to the dates used as reference points. In such a case, the aim is to consider the given data and their potential errors and find the best-corresponding statistical model to describe their variations in a smoothed way. To achieve this goal different methods have been used; the moving window technique (Kovacheva & Toshkov 1994; Kovacheva et al. 1998; Batt 1997) , the bivariate Le Goff statistics (Le Goff et al. 1992; Daly & Le Goff 1996; Le Goff et al. 2002) , the Bayesian statistical framework (Buck et al. 1996; Lanos 2004; Lanos et al. 2005) . In the present paper, in order to obtain a smooth SV curve for Italy, the hierarchical Bayesian modelling based on roughness penalty has been used (Lanos 2004) . This model compares data from different methods, prior dates and parameters, and relative chronology (stratigraphy) information and the use of penalized maximum likelihood from smoothing univariate, spherical or 3-D time-series data allows representation of the SV of the geomagnetic field over time. The smoothed curve obtained (which takes the form of a penalized natural cubic spline) provides an adaptation to the effects of variability in the density of reference points over time. Since the model takes into account all the known errors in the archaeomagnetic calibration process, a functional highest-posterior-density envelope on the new curve can be obtained.F or the construction of the SV curve for Italy, referred to Viterbo, 65 directional results ranging in time from 1300 BC to 1700 AD have been used, i.e all those with complete information: declination, inclination and age (Table 1) and data from volcanic rocks of certain age (Table 2) . No cut-off criterion based on the α 95 angle of confidence has been applied; however, all data used for the construction of the curve have precision parameter k > 30. Historical measurements for the last four centuries have not been included in the construction of the curve with the Bayesian model as their high precision would bias the calculation of the curve, but they have been plotted together with the final curve in Fig. 8 . This figure shows the obtained declination and inclination curves together with their 95 per cent error envelope from Bayesian calculations and the raw data. In general, almost all Table 2 . Italian archaeomagnetic directions from historical eruptions.
Site (1981) Columns as in Table 1 . a Directions relocated at Etna in the original paper.
-1600 -1200 -800 -400 0 400 800 1200 1600 2000 age ( data are well represented by the smoothed curves. As expected for the periods for which many data exist (e.g. 79 AD), the curves are better defined with narrow error envelopes while for those time periods with few or no data the curves are more roughly estimated. As Bayesian calculations take into consideration both the measurement and time uncertainties, it is probable that for those periods poorly covered by the data the curve is affected by an over-smoothing effect. Historical measurements seem to fit the curve within its error envelope but for both declination and inclination they tend to coincide with the upper error margin. Inclination measurement done by Kircher at Rome in 1640 is around 2
• lower than that derived from Jackson's model (Jackson et al. 2000) for the same period. This coincides better with the trend of the curve for the beginning of the 17th century suggesting that the inclination for this time period maybe over estimated by Jackson's model, as already discussed by Lanza et al. (2005) .
In Fig. 9 the Italian reference SV curves for declination and inclination are plotted together with the French reference curves (data set from Gallet et al. 2002, relocated to Viterbo) . Comparison of the curves shows an agreement in the general features taking into consideration the error limits. However, some differences are apparent, mainly in the inclination values. The Italian curve has less abrupt maxima and minima and more smoothed changes compared with the French curve. The inclination maxima at around the 7th century BC and the 8th century AD shown at the French curve are also observed in the Italian curve but about 5
• lower. Furthermore the Italian inclination curve shows a minimum around the 13th century AD while in the French curve it is more abrupt and occurs over a century later. Such differences could be due to the smoothing effect of Bayesian interpretation on the Italian data in particularly for those periods with a small number of data, such as 10th-14th century AD. However, similar, less abrupt changes in inclination have been also noticed in the German SV reference curve ) when compared to the French SV curve.
C O N C L U S I O N S
These new directional results from Italian archaeological sites are a significant contribution to the Italian archaeomagnetic database as they cover time periods, for example, 1300-700 BC and 600-1600 AD, that were previously poorly studied, as well as geographical areas, for which no data have been previously published (northern Italy). Compilation of the data shows that they range in time from 1300 BC to 1700 AD but with several periods that need further study. Their geographical distribution covers almost the entire Italian peninsula, although most of data are far more concentrated in the south, emphasizing the need for obtaining new results from central and northern Italy. The total number of data, even though not as numerous as those from France, Bulgaria or UK, can now be considered sufficient for a preliminary Italian SV curve for the last three millennia. The SV curve obtained using Bayesian modelling compared with the French SV curve shows a similar trend but also some important differences. The two curves do not completely coincide in the whole period examined but there is no clear indication of a westward or eastward drift. The preliminary SV curve succeeds in describing the variations of the Earth's magnetic field in the past. However, the large error envelope obtained for certain time periods indicates that caution is needed if used for archaeomagnetic dating, when the maximum precision is required. Undoubtedly more data are still required in order to be able to draw a more detailed SV curve for Italy that will be necessary for improved dating reliability as well as further defining the geomagnetic variation properties. 
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